Introduction
The retina is a multilayered tissue that filters visual information that organisms use to interact with their environment. Visual phototransduction (i.e., conversion of light into electrical signals) takes place in the rods and cones, and information is then channeled into the brain through the retinal ganglion cells whose axons form the optic nerve [McIlwain, 1996] . Retinal ganglion cells can be thought of as bottlenecks of the information available in the visual space [Collin, 1999] . Variations in the density of retinal ganglion cells across the retina have been associated with the visual characteristics of an organism's habitat [Hughes, 1977; Collin, 1999] . In particular, areas in the retina with a high density of retinal ganglion cells, known as retinal specializations, increase visual resolution in the area of the visual field to which they project [Meyer, 1977] . Areas with a high concentration of specific types of retinal ganglion cells are also considered retinal specializations, such as the giant alpha-type ganglion cells that have been involved in movement detection [Hayes et al., 1991] .
There are different types of retinal specializations associated with higher visual resolution [Pumphrey, 1948; Meyer, 1977] . For example, an area is a concentric increase in the density of retinal neurons that in many cases is associated with a central pit-like invagination of the retinal tissue termed fovea. The area and the fovea vary in number and position across the retina in different species [Pumphrey, 1948; Meyer, 1977; Collin, 1999] . For instance, pigeons have a central fovea projecting into the lateral visual field involved in the detection of distant objects, and a dorsal temporal area projecting into the binocular field involved in the detection of food items [e.g., Querubin et al., 2009] . Another type of retinal specialization is the visual streak: a ribbon-like area with high density of retinal neurons that runs across the retina [Chievitz, 1891; Slonaker, 1897; Pumphrey, 1948; Hughes, 1977; Meyer, 1977] . The presence of a visual streak has been associated with habitat-type, and antipredator and orientation behaviors [Johnson, 1901; Vincent, 1912; Pumphrey, 1948; Luck, 1965; Hughes, 1977] .
The terrain hypothesis proposes that organisms inhabiting open habitats (e.g., grassland, desert, ocean floor, coral reef, etc.) should have a visual streak to enhance visual resolution along the horizon [Hughes, 1975 [Hughes, , 1977 . This visual streak is expected to provide constant visual resolution along the extended flat terrain, as well as increased sensitivity to movement for the detection of prey and predators [Hughes, 1977] . Several species of birds inhabiting open habitats have been found to possess a visual streak [e.g., burrowing owl Athene cunicularia , Bravo and Pettigrew, 1981 ; ostrich Struthio camelus , Boire et al., 2001 ; Manx shearwater Puffinus puffinus , sooty albatross Phoebetria fusca , soft-plumaged petrel Pterodroma mollis , Hayes et al., 1991] . The visual streak is not unique to birds, as it is found in other taxa [e.g., smallspotted dogfish Scyliorhinus canicula , Bozzano and Collin, 2000 ; Australian frogfish Halophryne diemensis , Collin and Pettigrew, 1988 ; spotted hyena Crocuta crocuta , Calderone et al., 2003] . Species with a visual streak have been proposed to have wide panoramic vision [Johnson, 1901; Hughes, 1977] , and thus wide lateral visual fields and narrow blind areas which increase visual coverage. Having a horizontal visual streak with high visual resolution across the retina reduces the need to sample visual information through eye movements [Collin, 1999] .
The framework of the terrain hypothesis can also be expanded into vigilance behavior (e.g., monitoring the visual space), which in some taxa (e.g., birds) is defined in part by head movements. Moving the head allows birds to shift their visual fields to enhance visual coverage, estimate distances to or from objects, and investigate objects with retinal regions of high acuity [Dunlap and Mowrer, 1930; Dawkins, 2002; Kral, 2003] . A horizontal streak would reduce the need to scan the visual space and allow the exploration of objects without requiring wide head movements due to the large area of high visual resolution across the retina. However, in areas with high levels of visual obstruction (e.g., closed habitats), animals with a visual streak may actually increase head movements to compensate for the loss of visual coverage. Although the visual streak has been well-characterized morphologically [Hughes, 1977] , there is relatively less information on the association between the presence of a streak and vigilance behavior. This information is necessary to better understand the relationship between retinal morphology and behavior in visually guided organisms.
The goal of this study was to test the predictions of the terrain hypothesis on the Canada goose (Branta canadensis) , taking into account the topography of the retinal ganglion cell layer, the configuration of the visual fields, the degree of eye movement, and the patterns of head movement in micro-habitats with different degrees of visual obstruction (e.g., tree cover). Canada geese occupy a wide variety of habitats (prairie, parkland, plains, meadows, semiopen forests, etc.), but they prefer to nest in open areas close to water sources [Mowbray et al., 2002] . Canada geese feed on above-ground plant matter (grasses, crops, berries, etc.), but will also consume bulbs and submerged vegetation [Mowbray et al., 2002] . This species is gregarious during the nonbreeding season, but it becomes highly territorial when breeding [Mowbray et al., 2002] . Both males and females actively defend their nests [Sjöberg, 1994] and increase their vigilance behavior when in the company of their precocial offspring [Seddon and Nudds, 1994; Caithamer et al., 1996; Fowler and Ely, 1997] . There are many accounts of predation on adult geese by both ground (e.g., coyotes Canis latrans , gray wolves Canis lupus ) and aerial (snowy owls Nyctea scandiaca , golden eagles Aquila chrysaetos , bald eagles Haliaeetus leucocephalus ) predators [Mowbray et al., 2002] . In general, the time budgets and use of water bodies as safe areas by Canada geese appear substantially affected by the levels of predation risk [Raveling et al., 1972] .
Methods
The Canada geese we used in this study were captured by corralling flightless individuals during molt into a netted pen with cooperation with the US Department of Agriculture, Animal and Plant Health Inspection Service (USDA-APHIS) (Federal Permit MB019065-1, State Permit 11-299). All animal handling and experimental procedures were approved by the Purdue Animal Care and Use Committee (PACUC, . We used 11 Canada geese from the Branta canadensis maxima subspecies, which were housed in a room kept on a 14-hour light cycle at approximately 23 ° C with food (whole kernel corn) and water provided ad libitum. We measured different components of the visual field configuration on the 11 individuals, of which 7 were used for retina extraction.
Retinal Topography
We euthanized the geese following PACUC recommendations, and promptly removed the eyes. We measured axial length (anterior portion of the cornea to the most posterior portion of the back of the eye), corneal diameter (inner diameter of the sclerotic ossicles), and transverse diameter (outer diameter of the eyeball from side to side) to an accuracy of 0.01 mm using digital calipers. We hemisected the eye at the ora serrata using a razor blade and removed all vitreous humor using forceps and spring scissors. We extracted the retina by gently separating the choroidal layer from the sclera and cutting the optic nerve with a scalpel. All choroid and the pigmented epithelium were removed.
We placed the retina in a 4% paraformaldehyde in phosphatebuffered saline solution (pH 7.3) for 24 h. Afterwards, we washed the retina in phosphate-buffered saline and flattened it onto a gelatinized slide [Stone, 1981] . We made radial cuts to flatten the retina on the slide, and then removed the pecten. We fixed the retina to the slide by heating it at 60 ° C for 2 h inside a vessel containing 4 drops of formalin. The retina remained in the vessel for another 24 h, and then we took pictures with a Panasonic Lumix FZ28 digital camera to calculate and correct for tissue shrinkage during staining [Stone, 1981; Hart, 2002] .
The retina was then cleared for 20 min in two 10-min changes of Histo-Clear (National Diagnostics), followed by two 2-min rinses in each of the following solutions: 100% ethanol, another 100% ethanol, 95% ethanol acidified with glacial acetic acid, 80% ethanol, 70% ethanol, and distilled water acidified with glacial acetic acid. We immersed the retina in 0.25% cresyl violet for approximately 12 min, and then quickly rinsed it in acidified distilled water, and dehydrated it in 70% ethanol and 80% ethanol, each for 30 s. We placed the retina in 95% ethanol acidified with acetic acid for 60 s, followed by two rinses in 100% ethanol each for 60 s. The tissue was differentiated in 95% ethanol acidified with acetic acid until clear. This was followed by two quick rinses in 100% ethanol, and the tissue was then placed back in HistoClear for two 10-min rinses [Stone, 1981; Boire et al., 2001; Hart, 2002] . We coverslipped the tissue with Permount (Fisher Scientific) and allowed it to dry, upon which we took postprocessing pictures to estimate tissue shrinkage.
ImageJ (http://rsb.info.nih.gov/ij/) was used to measure the area of the retina before and after processing. The area captured in the pictures was 0.01 mm 2 , so the correction for tissue shrinkage was 0.01 + (0.01 ! proportion of shrinkage). The correction was done on each retina. Cell density was calculated by dividing the number of cells in each picture by the corrected tissue area of each picture.
Stained retinal ganglion cells were examined under a microscope (Olympus BX51) at ! 40 power. We traced the perimeter of the retina using Stereo Investigator (ver. 9.13; MBF Bioscience), and used the SRS Image Series Acquire module, which uses a fractionator approach by which the program randomly and systematically places a grid onto the traced retina. We used a mean of 254 8 3.43 grid sites per retina, although we could not measure cell density from all of them (see Results). A 100 ! 100 m counting frame was placed in the upper left hand corner of each grid site to avoid double counting. We estimated the following parameters in Stereo Investigator: asf (the ratio of the area of the counting frame to the area of the grid) = 0.0050 8 0.0003 per retina; tsf (ratio of the height of the dissector to the mean measured tissue thickness) = 1 per retina, and ⌺ Q -(sum of the total number of retinal ganglion cells) = 7,000 8 425.2 per retina. On a given counting frame, we focused on the plane that would provide the highest resolution and contrast to differentiate retinal ganglion cells, and took a picture with a microscope camera (S97809; Olympus). We captured these images using SnagIt (www.techsmith.com/Snagit), and counted the retinal ganglion cells in each of the counting frame images with ImageJ to estimate the density (number of cells/mm 2 ).
The retinal ganglion cell layer can also include other cell types, such as amacrine and glial cells. Ganglion cells were identified based on standard criteria: their shape, relatively large soma size, Nissl accumulation in the cytoplasm, and staining of the nucleus [Hughes, 1977; Freeman and Tancred, 1978; Ehrlich, 1981; Stone, 1981; Rahman et al., 2006] . In retinal regions with higher cell density, ganglion cell soma size was small and showed a darkly stained nucleus. In the perifoveal and retinal periphery area, ganglion cells showed a prominent nucleus and a heterogeneous distribution of Nissl granules. Glial cells were usually oblong, narrow and very elongated with deep Nissl accumulation. Amacrine cells were small teardrop-shaped cells with deep Nissl accumulation.
We followed Stone [1981] in building the topographic maps, which reflect variations in the density of retinal ganglion cells across the retina. We plotted the cell density values obtained from each counting frame into a map of the sampling grid produced by Stereo Investigator using OpenOffice Draw (www.openoffice. org). We used six preselected cell density ranges (0-1,999; 2,000-3,999; 4,000-5,999; 6,000-7,999; 8,000-9,999, and 6 10,000 cells/ mm 2 ). Within a given cell density range, we interpolated the isodensity line from one or more adjacent density values (e.g., a line was drawn between any two sampling frames in which cell densities straddled a given cell density range). Isodensity lines were created by hand [Stone, 1981; Moroney and Pettigrew, 1987; Wathey and Pettigrew, 1989] . Additionally, we measured the pro-portional area of each cell density range in each of the five retinas studied to characterize their relative contribution to the overall visual resolution of the retina.
Visual Field Configuration and Eye Movement
We measured the visual field configuration of Canada geese with a visual field apparatus [Martin, 1984] . Individuals were restrained at the center of the apparatus in a horizontal position. The bill was placed in a goose-adapted metal bill holder to keep the head from moving. The head was held at an angle geese naturally assume (dorsal portion of lower mandible parallel to the ground), based on pictures and videos of individuals taken in the wild. The configuration of the visual field was measured using an angular coordinate system, in which the head of the goose was positioned at the center of a global space (see Results), with the horizontal axis of the globe projecting through both eyes. In this coordinate system, 0° elevation lay directly above the head of the goose, 90° lay in front of the head, and 270° lay behind the head. The 90-270° plane was defined as the horizontal plane parallel to the ground (see Results).
We measured the retinal visual field using an ophthalmoscopic reflex technique that has been extensively employed in comparative visual ecology [Martin, 2007] . We mathematically adjusted our measurements to correct for close viewing following Martin [1984] . The retinal margins of each eye were measured at each elevation in 10° increments using a Keeler Professional ophthalmoscope, to an accuracy of 8 0.5°. Measurements could only be taken from 140 to 260° due to obstructions of the apparatus or the animal's body.
Different bird species vary considerably in their degree of eye movement [Martin, 2007; Fernández-Juricic et al., 2008; Blackwell et al., 2009; Gall and Fernández-Juricic, 2010] , which can substantially change the width of the binocular and blind areas when individuals converge or diverge their eyes from the eyes-at-rest position. Consequently, we measured visual fields with two different methods: (1) when the eyes were at rest, and (2) when eyes were converged and diverged. Out of the 11 individuals, only 4 were exposed to both methods. To measure the visual field with the eyes at rest, we took measurements when the eyes were visibly relaxed and not tracking the motion of the ophthalmoscope. The projection of the pecten, a vascular structure in the avascular avian retina that projects a blind area into the visual field, was also measured [Meyer, 1977; Fernandez-Juricic et al., 2008] . Ten geese were measured with eyes at rest. In the second method, we elicited eye movements by presenting sounds and/or flashes of light across all elevations around the bird's head. We recorded the maximum (eyes converged) and minimum (eyes diverged) positions of the retinal field margins at different elevations; the difference representing the degree of eye movement. We also calculated the maximum and minimum size of the binocular, blind, lateral [360 -(mean blind field + mean binocular field)/2] and cyclopean (binocular + lateral right + lateral left visual fields) areas [Fernández-Juricic et al., 2008] . Nine geese were measured with the eyes converged/diverged.
Head Movement
We made video recordings of Canada geese ( B. canadensis maxima subspecies) in rural and suburban areas in the Greater Lafayette area (Ind., USA) using a JVC Everio GZ-MG330-HU camcorder between 08.00 and 17.00 h in January and February 2010. We searched for individuals in areas close to bodies of water.
We avoided the possibility of resampling the same individual by keeping track of the individuals that had been recorded on a given session or by moving at least 50 m in the opposite direction of the last individual that was video-taped. After recording the video, we measured ambient temperature, flock size, distance between the observer and the bird, and the percentage of tree cover in a 50-m-diameter circle around the bird. Temperature and flock size were recorded because they can potentially influence vigilance behavior in geese [Mowbray et al., 2002] . Temperature was measured with a handheld weather station (Kestrel 3500) and distances with laser range finders (Bushnell Yardage Pro and Bushnell Yardage Pro Sport). Overall, we recorded and analyzed 30 video recordings of Canada geese on the ground scanning and looking for food. Mean video duration was 2.21 8 0.22 min.
We used JWatcher [Blumstein and Daniel, 2007] to measure head movements. First, we measured any kind of head movement when the head was above the horizontal plane of the body (total head movement rate) and moved along a single axis, and the direction of the eye-bill tip vector followed the head movement. We used these data to assess the effects of visual obstruction (e.g., tree cover) on head movement behavior. We report head movements per minute.
Second, after obtaining the results on the orientation of the visual streak, we reanalyzed all the videos but separated the head movements (while the head was above the horizontal plane of the body) according to three head orientations: bill parallel to the ground, bill tilted downwards, and bill tilted upwards. In the bill parallel to the ground orientation, we recorded sideways head movements. In the bill tilted downwards orientation (below the horizontal plane of the head but above the horizontal plane of the body), we recorded head movements with (1) the neck static and the head moving sideways and (2) with the neck and the head moving in the same direction. In the bill tilted upwards orientation (above the horizontal plane of the head), we recorded head movements indicative of alarm [e.g., head raising, head flicking, and head whirling following Mowbray et al., 2002] . The goal of this post hoc analysis was to determine the frequency of use of head positions that would indicate different alignments of the visual streak in relation to the horizon. We report the rates (events/ min) of head movements in the three bill orientations. This second analysis was more descriptive and necessarily made use of multiple categories of head movement (based on the relative position of the visual streak) that were not considered in the first video analysis. Hence, a higher number of head movements per minute were obtained compared to the first analysis.
Statistical Analysis
We analyzed variations in the percentage area of the total retina occupied by different retinal ganglion cell density ranges with an ANOVA. We excluded the 6 10,000 cells/mm 2 cell density range from this analysis, because it was not represented in one of the retinas studied, so percentages did not add up to 100%. We used a general linear model to assess the relationship between total head movement rate and tree cover, and added to the model flock size, temperature, and distance between the observer and the bird as potentially important covariates. We assessed differences between head movement rates in different bill positions with a MANOVA. We analyzed our data with Statistica 9.0, and presented means 8 SE throughout.
Results

Eye Size, Retinal Ganglion Cell Layer and Topography
We were able to successfully process five retinas (3 right eyes, 2 left eyes). Pooling the information on the right and left eyes, we found that the corneal diameter was 13.11 8 0.18 mm, the transverse eye diameter was 21.23 8 0.28 mm, and the axial length was 15.94 8 0.29 mm.
We were able to quantify the density of retinal ganglion cells from 232.60 8 5.24 quadrats per individual retina. The mean overall density of retinal ganglion cells was 3,029.59 8 70.80 retinal ganglion cells per mm 2 . The mean peak density was 11,343.27 8 1,213.51 retinal ganglion cells per mm 2 . The topographic maps from all the retinas processed revealed a visual streak crossing the whole retina with densities 1 6,000 retinal ganglion cells per mm 2 (see example in fig. 1 a) . Cell densities within the visual streak were higher than above or below it. However, the visual streak was not horizontal, as predicted, but oblique, with an angle of approximately 30° in relation to the plane parallel to the bill, running from a dorsonasal to a ventrotemporal position ( fig. 1 a) . The peak cell density ( 1 10,000 cells per mm 2 ) was found in two locations at the center of the retina. We also identified a structure that visually appeared to be a fovea also at the center of the retina (black dot in fig. 1 a) . However, we did not do transverse sectioning to confirm that the retina was pitted and the retinal ganglion cells were peripherally displaced. We confirmed the position of the visual streak in geese by establishing the position of the pecten in relation to other skull features while the eye was still in the orbit and also examining the position of the pecten ophthalmologically in live individuals.
The distribution of ganglion cell densities was heterogeneous in the Canada goose retina ( fig. 1 b) . Retinal ganglion cell density ranges varied significantly in the percentage of the total area occupied (F 4, 20 = 94.31, p ! 0.001). The majority ( 1 50%) of the goose retina was occupied by the lowest retinal ganglion cell density range, with a progressive decrease in proportional coverage towards the area with the peak cell density ( fig. 1 b) , which corresponded with the visual streak ( fig. 1 a) .
Visual Fields At Rest Visual Fields
The bill tip projected into the binocular field just below the horizontal plane (elevation 80°, fig. 2 a) . In the horizontal plane (plane of the bill, 90-270°), the width of the binocular field was 22° ( fig. 2 b) . The maximum width of the binocular field when the eyes were at rest (22.01°) occurred at elevation 90° ( fig. 2 c) . At elevations 110-130° (below the plane of the bill; fig. 2 a) , the bill blocked the view of the retinal margins, suggesting that individuals were able to observe their bill tips. The extrapolated width of the binocular field at elevations 110-130° was estimated to be 22°, assuming that the retinal margin follows a circular projection [Martin and Coetzee, 2004] . Across the recorded elevations, the average width of the binocular field was 11.67 8 1.91° with the eyes at rest. The binocular field extended vertically from 140° (just below the bill) to 10° (just below the top of the head), totaling at least 130° of vertical extent ( fig. 2 c) . We were not able to record below 140° due to the visual field apparatus obstructing our measurements. At the horizontal plane (plane of the bill, 90-270°), the width of the blind area was 25° ( fig. 2 b) . The maximum width of the blind area (25°) occurred at elevations 270° and 280° (rear of the head) with the eyes at rest ( fig. 2 c) . Across the recorded elevations, the average width of the blind area was 17.87 8 3.21°. The blind area extended vertically from 260° (rear of the head) to 0° (above the head; fig. 2 c) . Below elevation 260°, we were not able to record due to the goose body obstructing our measurements.
In the horizontal plane with the eyes at rest, the lateral field extended 156.50° ( fig. 2 b) and the total visual coverage (cyclopean visual field = binocular + lateral left eye + lateral right eye) was 334° ( fig. 2 b) . Across the recorded elevations, the average width of the pecten was 24.93 8 2.28°, extending vertically from 70 to 10° ( fig. 2 a) .
Degree of Eye Movement and Visual Fields with Converged and Diverged Eyes
Eye movements varied at different elevations around the head. The maximum degree of eye movement was re- corded at elevation 70° (24.57°; fig. 3 a) . Canada geese showed a higher degree of eye movement above than below the plane of the bill. The elevation where this higher degree of eye movement occurred appears to be in an orientation similar to the dorsonasal positioning of the visual streak ( fig. 1 a, 3 a) . Across the recorded elevations, the average degree of eye movement was 12.87 8 1.82°. With the eyes converged, the binocular field increased 8° in relation to the eyes-at-rest position in the horizontal plane ( fig. 3 c) . Actually, when geese converged their eyes, the bill intruded enough in the binocular field to block our view of the retinal margins at elevations 110-130° (below the plane of the bill; fig. 3 b) , suggesting that individuals were also able to observe their bill tips at those elevations. The extrapolated width of the binocular field at elevations 110-130° was estimated to be 28°, assuming that the retinal margin follows a circular projection [Martin and Coetzee, 2004] . Additionally, with the eyes converged, the blind area also increased 11° in relation to the eyes-at-rest-position in the horizontal plane ( fig. 3 d) . Overall, eye convergence resulted in a reduction of the cyclopean visual field at the horizontal plane to 324°, causing a decrease in the widths of the lateral fields due to the increased blind area behind the head.
When Canada geese diverged their eyes, the width of the binocular field and blind area decreased by 11 and 5°, respectively, in relation to the eyes-at-rest-position ( fig. 3 c, d ). Overall, eye divergence resulted in an increase of the cyclopean visual field to 340°.
Scanning Behavior
The total head movement rate was 19.88 8 1.94 events min ). This finding suggests that geese have a similar rate of head moving with the bills parallel to the ground and tilted downwards.
Discussion
Our results generally agree with the terrain hypothesis. First, we found Canada geese to have a visual streak as indicated by the retinal topography of the ganglion cell layer. Second, Canada geese have large lateral visual fields and narrow blind areas that increase visual coverage. Third, habitat visual obstruction increased head movement behavior, which is likely a compensatory mechanism for reduced visual coverage. However, contrary to the terrain hypothesis, we found that the visual streak was obliquely rather than horizontally placed. This is an interesting result given that other species within the Anatidae family have been found to have horizontal streaks [mallard, Anas platyrhynchos ; white-winged scoter, Melanitta deglandi ; long-tailed duck Fuligula glacialis ; snow goose, Anser hyperboreus ; Chievitz, 1891; Slonaker, 1897; Wood, 1917] . Furthermore, the degree of eye movement in Canada geese was not as low as that found in other species of the Anatidae family [Martin, 1986; Guillemain et al., 2002; Martin et al., 2007] . Finally, we found that Canada geese were able to see their bill tips below the plane of the bill, which is not necessarily expected from species that forages on passive prey [Martin, 2009] .
There are some old accounts of retinal specializations obtained through macroscopic and ophthalmoscopic inspections of the eyes that reported oblique ribbon-like structures in the retinas of some species from different families: Brandt's cormorant (Phalacrocorax penicillatus) , herring gull (Larus argentatus) , Eurasian coot (Fulica atra) , black-bellied plover (Squatarola squatarola) , American flamingo (Phoenicopterus ruber) , Eurasian oystercatcher (Haematopus ostralegus) , and Northern lapwing (Vanellus vanellus) [Wood, 1917; Duijm, 1958] . However, to our knowledge, ours is the first study to report the presence of an oblique visual streak in a bird based on the assessment of the retinal ganglion cell layer. All these species share their dependency on water bodies in open habitats in either freshwater or marine environments. Duijm [1958] proposed that in birds with an oblique visual streak, the normal head position would have the bill pointing downwards so that the plane of the lateral semicircular canal, used for orientation in space, is held horizontal. Such a head position would align the visual streak with the horizon, as predicted by the terrain hypothesis. When scanning, we actually found that Canada geese do tilt their bills downwards as frequently as they hold their bills parallel to the ground. This suggests that this species gathers visual information horizontally as well as obliquely, by varying head position.
Visual resolution is expected to be higher along the visual streak than in other parts of the retina. The visual streak would affect information gathering depending on the position of the bill. When the bill of the Canada goose is parallel to the ground, visual resolution would be higher from the upper part of the binocular field (above the plane of the bill) to the rear of the head (below the plane of the body). This head position would allow individuals to see the ground and the sky simultaneously, which can enhance detection of targets of interest in two dimensions (food, predators, conspecifics). The detection of aerial predators approaching from the front could be enhanced; however, this combination of retinal configuration and head position would decrease the chances of detecting predators approaching from the rear of the animal. In fact, documented cases of successful attacks emphasize raptors grabbing Canada geese by their backs [McWilliams et al., 1994] . Canada geese maintain a simi- lar head position (bill parallel to the ground) while flying probably to reduce drag. In that case, the oblique visual streak could allow individuals to enhance the detection of visual landmarks by being able to see the ground as they move forward, along with keeping track of conspecifics if they are in a nonplanar V flying formation [Badgerow, 1988] . The oblique visual streak would also allow flying Canada geese to detect predators from within the rear and lower parts of their visual fields, as bald eagles attack them from below while performing somersault maneuvers [Stalmaster, 1987] .
When the bill of the Canada goose is tilted downwards while head up, visual resolution would be higher laterally and horizontally, as the oblique visual streak would be aligned parallel to the horizon. This head position would allow individuals to enhance visual resolution and detection of objects at the interface between the ground and the sky, as predicted by the terrain hypothesis [Hughes, 1977] . This downwards bill tilting could also allow for scanning the horizon with one eye while sleeping [e.g., mallards, Rattenborg et al., 1999] , as Canada geese sleep with the head low above their chest or with the neck stretched to the back of the body and the bill between the scapulars [Mowbray et al., 2002] ( fig. 5 ).
Further changes in head orientation can enhance visual resolution of different sectors of the visual space. For instance, when geese search for food or peck, they can increase resolution at the back of their heads to detect potential predators, and when consuming submerged vegetation, they could potentially enhance visibility of the water column ( fig. 5 ) . Overall, retinal topography and variations in head position would maximize visual resolution in different planes of the visual field. Future behavioral experiments could tease apart some of these interpretations by manipulating the position of animals in space and assessing their performance in different visual tasks. Our functional interpretation of the oblique visual streak assumes that predation risk is an important factor in the behavior of Canada geese. There is evidence showing that Canada geese spend a considerable amount of their daily activities in vigilance and respond to predator attacks by flying away or seeking refuge in the water [Mowbray et al., 2002] . Canada geese mortality by eagles varies spatially and temporally in their wintering grounds with up to one individual killed every 3 days in some localities [McWilliams et al., 1994] . Goose mortality due to predation increases with the density of individuals, the reduction in abundance of alternative prey, and is particularly high immediately after migration, when individuals have lower energy reserves and thus are less likely to escape an attack successfully [McWilliams et al., 1994] .
The topographical analysis of the Canada goose retina showed that the lowest retinal ganglion cell density range occupied the largest percentage of the total retinal area, with a consistent decrease in the proportional area of the retina occupied by higher cell density ranges. This pattern suggests that most of the high visual resolution is provided by the visual streak across the center of the retina. However, in species with a single area of high ganglion cell density, the retinal topography is different: the highest proportion of retinal area is occupied by intermediate (rather than the lowest) cell density ranges [Dolan and Fernández-Juricic, 2010; Fernández-Juricic et al., 2011] . One of the implications of this difference is that movements of the eyes and the head to scan the visual space would differ between species with different types, position, and number of retinal specializations [Fernán-dez-Juricic et al., 2011] . This is because retinal areas of high acuity project into a limited portion of the visual field, leaving spots of low acuity that need to be monitored by moving the retinal specialization with the eyes and/or the head. Therefore, these movements could vary in amplitude depending on the proportional area of the retina with high and low visual resolution. Future studies should assess the relationship between retinal specialization and head and eye movements at the comparative level controlling for phylogenetic effects. The number of species with information on both retinal topography and scanning behavior is relatively scant (see below), but we can still make some simple comparisons.
For instance, the proportional area of highest retinal acuity is expected to occupy a proportionally larger retinal area in species with a visual streak (e.g., Canada geese) or two foveae (e.g., diurnal raptors) than in species with a single small high-acuity spot (e.g., fovea) in the retina (e.g., some songbirds). Having an elongated area, or multiple areas, of high acuity may reduce the need to move the head because of the relatively lower proportion of the visual field with low acuity ( table 1 ) . However, species with an elongated area or multiple areas seem to be affected by visual obstruction in the habitat, likely because the heterogeneity of the visual space (compared to open habitat) requires adjustments in head movements to focus on different planes. For example, black phoebes Sayornis nigricans increase their head movement rates before launching an attack when in territories with high tree cover [Gall and Fernández-Juricic, 2009 ]. In much the same way, Canada geese increased total head movement rates with increasing tree cover, probably to maintain a minimum level of visual monitoring or to increase vigilance because of higher perceived predation risk (e.g., predators hiding in the vegetation). Interestingly, the degree of eye movement of Canada geese was more similar to the two species with a single retinal area of high acuity than to the raptors with two foveae ( table 1 ). We speculate that the higher than expected degree of eye movement of Canada geese may compensate for them having an oblique visual streak. Eye movements may let geese fine-tune the projection of the streak in visual space, particularly when the bill is parallel to the ground. Alternatively, eye movement in Canada geese may be associated with converging the eyes to increase the width of the binocular area for foraging purposes or diverging the eyes to reduce the extent of the blind area and enhance visual coverage while vigilant.
The width of the binocular field of Canada geese with the eyes at rest (22° in the horizontal plane) resembles estimates of a previous study done using dead geese [Heppner et al., 1985] . Moreover, the width of the binocular field is similar to that of other species of water-birds in the same and different families [mallard, Martin, 1986; woodcock Scolopax rusticola , Martin, 1994; pink-eared duck Malacorhynchus membranaceus , Martin et al., 2007;  shoveler Anas clypeata , Guillemain et al., 2002] , which do not require a precise control of the bill position in relation to food items because they rely mostly on tactile cues. However, when Canada geese converge their eyes, they increase considerably the width of the binocular field (30° in the horizontal plane), the bill is positioned at the center of the binocular area, and they can see their bill tips particularly below the plane of the bill, which would allow individuals to see a food item between their lower mandibles. This configuration is similar to that of the binocular field of the blue duck [ Hymenolaimus malacorhynchos , Martin et al., 2007] , a species that forages on aquatic invertebrates. However, in the case of the Canada goose, the emphasis on visually inspecting the bill may be related to its efficient grazing technique, which is facilitated by the long and flexible neck and epidermal serrations on the bill [Mowbray et al., 2002] . The ability to inspect the bill tip visually may enhance the removal of parts of the vegetation with high nutritious value, such as seeds from grasses, submerged vegetation, rhizomes and bulbs, and kernels from corn cobs [Mowbray et al., 2002] . Interestingly, the properties of the Canada goose binocular field are not generally present in species that consume mostly plant matter [Martin, 2009] .
Overall, our study shows that the visual system of Canada geese has features related to the detection of predators in open areas (visual streak, large lateral field, reduced head movements), as predicted by the terrain hypothesis. Simultaneously, Canada geese have other visual specializations (oblique streak, wide binocular fields, visualization of the bill tip) that would allow for the simultaneous monitoring of the ground and the sky and enhanced extraction and handling of food items. The oblique visual streak seems to be a very specialized feature of the retina that, combined with changes in head position, may allow individuals to enhance visual information gathering in open areas and particularly in habitats that interface between water and land. Future studies should address the functional properties of this type of visual streak in this and other avian species.
